Rapid analysis of carbon dioxide (C0 2 ) in the operating theatre is usually achieved by mass spectrometry or infra-red spectrophotometry. Mass spectrometry, however, is expensive, bulky and needs specialised training to operate. Time sharing units have been developed so that one machine may service a number of operating theatres, but these have the problems oflarge initial capital cost, time delay in obtaining results because of sharing, and the need for full-time technical assistance to keep the system operational at all times. Advantages include being able to analyse other gases used in anaesthesia. Although there are a number of units operating in the USA., there are no such systems in Australasia in full-time use and analysis of expired carbon dioxide in the operating theatre is achieved almost exclusively by infra-red spectrophotometry .
Luft introduced the monitoring of CO 2 by infrared spectrometry in 1943. The early devices were expensive and bulky. Because of recent developments in solid state electronics, CO 2 measuring devices have now become small and relatively economical to manufacture, and many companies have produced CO 2 monitors that are suitable for the anaesthetist.
The basis of these CO 2 monitors is an infra-red light source which is filtered to give a narrow band of wave length 4.3 Ilm. This light passes through a measuring chamber, its intensity is measured by a solid state detector, and is then displayed as either a numerical readout (capnometer) or as a calibrated wave form on a screen (capnograph). The light is also passed through a reference chamber (or filter) which has no CO 2 present to compensate for variations in light output.
In 'side stream' analysers the sensor chamber is built into the monitor and the gas is drawn from the patient's airway by a pump. In 'main stream' analysers the sensor is in-line in the patient's breathing circuit. These do not remove gas from the patient circuit and do not need scavenging, but are bulkier and more expensive.
Anaesthesia and Intensive Care. Vol. 16. No. I. February. 1988 The accuracy and performance of CO 2 monitors can be affected by water vapour, atmospheric pressure and anaesthetic gases and vapours. Most monitors have automatic or manual controls to compensate for these factors, and their performance is adequate for clinical anaesthesia. 1. 2 Anaesthetists have become increasingly aware of the value of CO 2 monitoring. Capnography can detect many equipment-and patient-related problems which other monitors alone may either fail to detect or detect so slowly that patient safety may be compromised. Measurement of the expired CO 2 gives an excellent indication of the patient's cardiovascular, respiratory and metabolic status.
The value of end-tidal CO 2 measurement was highlighted in a recent study of 331 children,3 in which 35 life-threatening incidents (disconnection, extubation, malignant hyperpyrexia) were detected by an end-tidal CO 2 monitor but only two of which were independently detected by the use of a stethoscope.
AIRWAY AND VENTILATION Misplaced endotracheal tubes
In studies of anaesthetic accidents leading to death or significant cerebral damage, one of the major cau~es identified has been inadequate management of the airway.4 Oesophageal intubation seems to be the commonest mishap. Apart from seeing the endotracheal tube passing through the cords, the most reliable determination of placement of an endotracheal tube is by the measurement of CO 2 in the expired gas. 5 All other methods have been shown to be unreliable including the use of stethoscopes over the chest wall or stomach, the 'feel' of the anaesthetic bag, chest expansion during inflation, sternal compression to detect expelled air from the tube, and feeling the trachea to detect movement of the endotracheal tube cuff. 6 Vital signs such as blood pressure, pulse and colour may remain essentially normal for up to 15 minutes in adults following oesophageal intubation, particularly if the patient has been pre-oxygenated. Ventilation of the oesophagus may in fact also give rise to some gas exchange in the lungs if the upper airway is patent. 7 When the patient's clinical condition eventually deteriorates the anaesthetist may not consider misplacement of the endotracheal tube to be the problem.
With accidental placement of the endotracheal tube in the oesophagus, CO 2 may be detected for the first few breaths. The reason for this could be CO 2 in the stomach caused by vigorous manual ventilation via a mask forcing the patient's expired CO 2 into the stomach, especially during a difficult intubation. 7 However, the concentration rapidly decreases and thus the diagnosis will be made easily. 8 Other common mishaps which occur with a correctly placed endotracheal tube are kinking or displacement. Partial kinking of an endotracheal tube may be difficult to diagnose and may not be detected by other methods of monitoring such as an oesophageal stethoscope or a low pressure alarm in the circuit. If only peak CO 2 concentration and/or respiratory rate is monitored, the diagnosis may not be clear. However, if the CO 2 wave form is observed, the diagnosis can easily be made. 9 Displacement of the endotracheal tube down the trachea into one of the main bronchi during intermittent positive pressure ventilation (IPPV) will result in a sudden drop in end-tidal CO 2 concentration. Again, this may be impossible to diagnose with either a low pressure ventilator alarm or a precordial or oesophageal stethoscope.
As an index of arterial CO 2 tension (Pea:;)
The end-tidal CO 2 concentration can be used to estimate the arterial PC02 non-invasively. Many authors have observed that there is an end-tidal to arterial CO 2 tension difference. Studies have also shown that this difference may change during the course of an anaesthetic. lo This is not surprising since patient posture, temperature, mechanical ventilation and anaesthetic agents are all factors which affect the pulmonary circulation and physiological dead space, and thus the correlation between end-tidal concentration and arterial PC02. Despite this limitation the end-tidal CO 2 is still a guide to the arterial PC02, and can be used as an indicator for clinical purposes, e.g. to monitor the degree of hypocapnia in patients with raised intracranial pressure.
As a disconnect monitor
End-tidal CO 2 is not only a good monitor of adequate ventilation during IPPV, but is also an apnoea monitor in patients who are breathing spontaneously during general anaesthesia or who are under sedation during local anaesthesia. The quiet respirations may not be heard with a precordial stethoscope and surgical coverings may obscure the chest and face. Side-stream analysers can be used by placing a small catheter into the airway or nose and will monitor not only end-tidal CO 2 but also respiratory rate and rhythm. PHYSIOLOGICAL MONITORING CO 2 is transported to the lungs by the circulatory system and thus expired CO 2 can indirectly monitor the state of the pulmonary circulation, and will also detect any condition that alters the delivery of CO 2 to the right side of the heart.
Air embolism
Monitoring for air embolism is a very important aspect of anaesthetic management in certain procedures, particularly those performed in the sitting position. I I A number of different methods have been used for the detection of air entering the circulation including Doppler monitoring, pulmonary artery pressure, end-tidal nitrogen concentration, and auscultation via a precordial stethoscope. Many investigations have compared the quantitative and qualitative value of these methods for detecting air in the circulation. 12 As yet there is no consensus as to the best method of monitoring. Most authors agree that the Doppler is the most sensitive monitor if positioned correctly but that it does not give an indication of the amount of air in the circulation or of any consequent physiological changes. The monitoring of end-tidal CO 2 concentration relies on a significant change in pulmonary circulation for the detection of air embolism, and, when combined with precordial or transoesophageal Doppler sound monitoring, it may minimise the number of false positives obtained with very sensitive Doppler equipment. 13 
Cardiac output
A sudden drop in pulmonary blood flow (due to a decrease in cardiac output) under constant minute ventilation will cause a drop in the end-tidal CO 2 concentration. 14 However, in clinical situations other monitoring techniques should also alert the anaesthetist.
Metabolic conditions
Assuming constant minute ventilation any changes in CO 2 production will be reflected in the end-tidal CO 2 concentration. The most sudden and dramatic increase in CO 2 production occurs with malignant hyperpyrexia. 15 The initial physiological changes in malignant hyperpyrexia, at least as studied in Landrace pigs, are a lactic acidosis and a rise in arterial PC02. 16 These changes precede the rise in temperature which, along with other nonspecific signs such as tachycardia and cyanosis, are the earliest clinically detectable signs. In humans the very few case reports in the literature have confirmed that a rise in end-tidal CO 2 was the earliest sign, with elevated body temperature Anaesthesia and Intensive Care. Vo!. 16 . No. I. FebruarJ, 1988 occurri ng later. 17 .1 ~ The early diagnosis and treatment of malignant hyperthermia are important for a favourable outcome and, in addition, an abrupt decrease in end-tidal CO 2 may signal control ofthe crisis and provide an end point for the administration of dantrolene. 15 Other causes of sudden rises in end-tidal CO 2 concentration include rapid administration of blood, or of bicarbonate, and the release of arterial clamps or tourniquets on the extremities. However. these rises are usually short lived and are related in time to these events.
Muscle relaxation
Observation of the waveform of the end-tidal CO 2 can alert the anaesthetist to diaphragmatic movement, which may be a problem in some operations, e.g. eye and neurosurgical cases. This may be detected before the return of a visible muscle twitch from peripheral nerve stimulation.
EQUIPMENT MONITORING
Disconnection of the anaesthetic circuit in patients who are paralysed and ventilated leads to progressive hypoxia, cerebral damage and possible death. A number of monitors have been used to detect this disastrous anaesthetic mishap, including the oesophageal stethoscope and low pressure alarm. The continuous monitoring of airway CO 2 will detect this situation as rapidly as the time delay setting of the apnoea alarm on the monitor allows. In fact, there are some situations where a disconnection may not be detected by conventional low pressure alarms and only a CO 2 monitor can reliably warn of the life-threatening situation. 19 Another common situation that occurs with a circle system, and which may be overlooked by the anaesthetist, is a failure of one of the unidirectional valves. The expiratory unidirectional valve is more likely to malfunction because of condensation of water vapour, especially if a humidifier is being used. Expiratory valve malfunction causes a sudden rise in arterial PC02 due to rebreathing and may lead to tachycardia, sweating, hypertension or respiratory movements, and these signs may be misinterpreted as being caused by light anaesthesia, inadequate paralysis or malignant hyperthermia. 2o Other causes of increased inspired CO 2 are also detected, e.g. exhaustion of soda lime and disconnection of the inner tube of a Bain circuit, which may lead to very high levels of inspired CO 2 ,
CONCLUSIONS
Capnography has proved to be a valuable addition to the anaesthetist's armamentarium, as it can alert the anaesthetist to life-threatening conditions such as misplacement of the endotracheal tube, circuit disconnection in paralysed patients and malignant hyperpyrexia. These are all conditions that. if not detected and treated early, lead to significant morbidity and possible mortality. C0 7 monitors should be calibrated before use using -air and a gas of known carbon dioxide concentration (e.g. from a commercially available aerosol can or from a certified cylinder). The gas sampling site should be at or as close as possible to the patient's airway. Alarms should be checked and correctly set before use.
As with any other monitoring equipment, the anaesthetist should be familiar with the device chosen and with the significance of any changes that may occur. With this knowledge the CO 2 monitor supplies reliable information about the patient's carbon dioxide homeostasis and about the function of the anaesthetic machine, ventilator and breathing circuit. The body consists of a central warm core, which includes the contents of the skull, thorax and abdomen, and a peripheral region where the temperature is lower. Core temperature is usually maintained between 36 and 37.5°C, whereas skin temperature may be as low as 20°C. Anaesthetists, therefore, prefer to measure core temperature.
Monitoring and Controlling Temperature
A core temperature of below 36°C may have a number of undesirable consequences. It may delay awakening and the return of reflex functions, contribute to postoperative respiratory depression, increase oxygen demand through shivering, I lengthen the time required in the recovery ward,2 and lengthen any period of postoperative mechanical ventilation which may be required.
Core temperature is maintained by a complex interplay of heat production, heat conservation and heat loss. As all may be affected during anaesthesia body temperature should be measured when it is likely that it may alter significantly, and it may be necessary to take steps to minimise heat loss and to warm the patient and any blood, intravenous fluids or anaesthetic gases that may be administered.
Indications
Monitoring of the body temperature is essential for all surgery in which large volumes of blood and intravenous fluids are administered, for all surgery where the patient is to be deliberately cooled and rewarmed, for neonatal surgery of substantial duration, for all hypothermic patients, and for all malignant hyperpyrexia subjects or suspects. It is highly recommended for neonatal and paediatric surgery of substantial duration, and for protracted surgery in adults, particularly with exposed body cavities. It is desirable for all pyrexial patients, for patients undergoing combined general and regional anaesthesia, and for the elderly. The means to measure body temperature must be available for all patients undergoing anaesthesia.
Temperature measurement
Electronic probe thermometers are recommended as they may be used in a variety of sites to measure core temperature, e.g. rectum, lower oesophagus, nasopharynx, tympanic membrane, or bladder. Rectal and oesophageal probes are currently the most popular; nasopharyngeal probes may cause bleeding and there is a risk of perforation of the ear drum with tympanic membrane probes. Some anaesthetists also like to record skin temperature. Electronic thermometers have an adequate response time, give continuous readings, are robust and are moderately cheap, and are accurate to within 0.1 qc.
Running costs are low. 3 If the thermometer has a range from 20°C to 40°C, an attached probe reading air temperature allows a 'one point' calibration check. Reusable probes and electronic thermometers are subject to wear and tear and should be checked regUlarly. The thermometers may be battery operated and should
